The stress-activated protein kinase (SAPK) pathway plays a central role in coordinating gene expression in response to diverse environmental stress stimuli. We examined the role of this pathway in the translational response to stress in Schizosaccharomyces pombe. Exposing wild-type cells to osmotic stress (KCl) resulted in a rapid but transient reduction in protein synthesis. Protein synthesis was further reduced in mutants disrupting the SAPK pathway, including the mitogen-activated protein kinase Wis1 or the mitogen-activated protein kinase Spc1/Sty1, suggesting a role for these stress response factors in this translational control. Further polysome analyses revealed a role for Spc1 in supporting translation initiation during osmotic stress, and additionally in facilitating translational adaptation. Exposure to oxidative stress (H 2 O 2 ) resulted in a striking reduction in translation initiation in wild-type cells, which was further reduced in spc1 ؊ cells. Reduced translation initiation correlated with phosphorylation of the ␣ subunit of eukaryotic initiation factor 2 (eIF2␣) in wild-type cells. Disruption of Wis1 or Spc1 kinase or the downstream bZip transcription factors Atf1 and Pap1 resulted in a marked increase in eIF2␣ phosphorylation which was dependent on the eIF2␣ kinases Hri2 and Gcn2. These findings suggest a role for the SAPK pathway in supporting translation initiation and facilitating adaptation to environmental stress in part through reducing eIF2␣ phosphorylation in fission yeast.
The stress-activated protein kinase (SAPK) pathway plays a central role in coordinating gene expression in response to diverse environmental stress stimuli. We examined the role of this pathway in the translational response to stress in Schizosaccharomyces pombe. Exposing wild-type cells to osmotic stress (KCl) resulted in a rapid but transient reduction in protein synthesis. Protein synthesis was further reduced in mutants disrupting the SAPK pathway, including the mitogen-activated protein kinase Wis1 or the mitogen-activated protein kinase Spc1/Sty1, suggesting a role for these stress response factors in this translational control. Further polysome analyses revealed a role for Spc1 in supporting translation initiation during osmotic stress, and additionally in facilitating translational adaptation. Exposure to oxidative stress (H 2 O 2 ) resulted in a striking reduction in translation initiation in wild-type cells, which was further reduced in spc1 ؊ cells. Reduced translation initiation correlated with phosphorylation of the ␣ subunit of eukaryotic initiation factor 2 (eIF2␣) in wild-type cells. Disruption of Wis1 or Spc1 kinase or the downstream bZip transcription factors Atf1 and Pap1 resulted in a marked increase in eIF2␣ phosphorylation which was dependent on the eIF2␣ kinases Hri2 and Gcn2. These findings suggest a role for the SAPK pathway in supporting translation initiation and facilitating adaptation to environmental stress in part through reducing eIF2␣ phosphorylation in fission yeast.
Cells prevent and repair damage in response to environmental stress conditions by regulating gene expression at the levels of both transcription and translation. Mitogen-activated protein kinase signaling pathways are highly conserved through evolution and play an important role in mediating the transduction of the signals from the cell surface to the nucleus, resulting in altered gene expression and modulation of protein activity (22) . In mammalian cells, the stress-activated protein kinases (SAPKs) p38/ RK/CSBP kinase and c-Jun N-terminal kinase (JNK) play a key role in response to a variety of environmental stresses, including osmotic and oxidative stresses, heat shock, UV irradiation, protein synthesis inhibitors, and DNA-damaging agents, and upon exposure to proinflammatory cytokines and vasoactive neuropeptides. Upon activation, these stress-related protein kinases can phosphorylate and activate the transcription factors c-Jun, ATF2, and Elk-1, which coordinate gene expression responses to environmental stimuli (34) .
A highly conserved SAPK pathway is present in the fission yeast Schizosaccharomyces pombe that is comprised of a central kinase cascade, including the mitogen-activated protein kinase kinases Wak1 (also known as Wis4 or Wik1) and Win1, the mitogen-activated protein kinase kinase Wis1, and the mitogen-activated protein kinase Spc1 (also known as Sty1 or Phh1). The Spc1 mitogen-activated protein kinase in S. pombe is structurally and functionally related to its mammalian counterparts and is activated by a wide range of cellular insults (35) . Activation of Spc1 stimulates a transcriptional response to stress through the bZip transcription factors Atf1 (also known as Gad7 or Mts1), Pcr1, and Pap1. Atf1 is constitutively nuclear and binds to and is phosphorylated by the Spc1 mitogenactivated protein kinase (9, 30, 32, 43, 45) . Atf1 is required for mating and for survival following exposure to osmotic stress, and acute high levels of oxidative stress (9, 28, 45) . Pcr1 forms a heterodimer with Atf1 and functions similarly to Atf1 (43) . Pap1 accumulates in the nucleus in a stress-and Spc1-dependent manner and is required for survival under low levels of oxidative stress (25, 28, 36) . Although the precise mechanisms by which Spc1 activates Atf1 or Pap1 dependent transcription are unclear, a number of target stress response genes have now been identified which are dependent on Spc1, Atf1, or Pap1 (2, 27, 30, 35, 44, 45) .
Protein synthesis is also regulated in response to environmental stress, resulting in the translational down-regulation to protect cells from the generation of misfolded or toxic proteins, and in the expression of specific genes to mitigate cell injury (5, 11, 19) . In mammalian cells, stress-induced activation of the p38 mitogen-activated protein kinase phosphorylates and activates the protein kinases Mnk1 and Mnk2 (8, 41) . The translation initiation factor 4E (eIF4E) is a substrate of Mnk1 (38, 41, 42) and phosphorylation enhances the binding of eIF4E to the 5Ј cap structure, thus enhancing cap-dependent translation initiation (31) .
Both mammals and yeasts regulate general translation initiation in response to a variety of environmental stresses through reversible phosphorylation of the ␣ subunit of eukaryotic initiation factor 2 (eIF2␣) (5) . Phosphorylation of eIF2␣ on serine 51 inhibits the guanine nucleotide exchange factor eIF2B and leads to a reduction of the levels of the active eIF2-GTP complex required for delivery of aminoacylated initiator tRNA to the translational machinery, thus inhibiting general protein synthesis (5) . Four distinct eIF2␣ kinases have been identified in mammals: double-stranded RNA-dependent protein kinase (PKR), pancreatic eIF2␣ kinase (PEK), GCN2, and heme-regulated inhibitor kinase (HRI), which are activated and phosphorylate eIF2␣ under different stress conditions (5) . In yeast, the number of eIF2␣ kinases is fewer, with S. pombe containing only GCN2 and two HRI-related protein kinases (48) . eIF2␣ kinases are thought to reduce global protein synthesis, allowing cells to conserve resources as they alter their gene expression program to block or alleviate stress damage.
Previous reports have suggested a possible link between the SAPK pathway and translation in fission yeast. Inhibition of the SAPK pathway, and overexpression of translation-related genes sum1 ϩ and sum3 ϩ /ded1 ϩ , were found to suppress S-M checkpoint mutants and to inhibit the osmotic stress cell cycle response in fission yeast (7, 16) . Sum1 was found to be an essential component of the eIF3 translation initiation complex (6) . In addition, sum3 ϩ /ded1 ϩ encodes a general translation factor analogous to Ded1 in Saccharomyces cerevisiae (10) . Since reduced protein synthesis through overexpression of these genes and inhibition of the SAPK exhibited similar phenotypes under stress, these observations strongly suggested a role for the SAPK pathway in modulating translation in response to stress. We therefore sought to examine the role of the SAPK pathway in the translational response to stress in fission yeast. These studies provide evidence for a general translational response to osmotic and oxidative stresses and further define a role for the SAPK pathway in supporting translation initiation and translational adaptation in response to these environmental stresses in fission yeast.
MATERIALS AND METHODS
Yeast strains and stress sensitivity assays. The following S. pombe strains were used in this study: TH9 (wild-type h (20) . Samples were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (12%). Gels were stained with Coomassie blue, dried, and autoradiography performed using a PhosphorImager (Bio-Rad). Quantification of radiolabeled proteins of three independent experiments was performed using the Quantity One software and results were normalized by quantification of the total amount of proteins loaded and stained by Coomassie blue. A representative gel is presented.
Polysome profiles. Polysomes were obtained using a protocol modified from Tzamarias et al. (37) . To preserve polysomes, cycloheximide was added to stressed or nonstressed cells as indicated at a final concentration of 50 g/ml just prior to harvesting. Cells were chilled rapidly, washed once in breaking buffer solution (10 mM Tris-HCl pH 7.0, 100 mM NaCl, 30 mM MgCl 2 , 50 g/ml cycloheximide and 200 g/ml heparin) and harvested by centrifugation. 50 ml of cells grown logarithmically to an optical density (595 nm) of 0.5, or the equivalent, were lysed with acid-washed glass beads (425 to 600 m, Sigma) in 200 l of breaking buffer. Cell lysates were clarified by centrifugation at 13,000 ϫ g for 2 min. Supernatants were fractionated on 7 to 47% sucrose gradients prepared in a solution containing 50 mM Tris-acetate, pH 7.0, 50 mM NH 4 Cl and 12 mM MgCl 2 for 105 min at 40,000 rpm using a SW40-Ti rotor in a Beckman L70 centrifuge. Polysome profiles were obtained by monitoring the absorbance at 254 nm along the gradient using an LKB 2238 Uvicord SII and a Picolog analog to digital converter and data logging software (Pico Technology, Cambridge). The polysome/monosome ratio was calculated as the ratio of the estimated area of the two to four polysomes to that of the 80 S monosomes. Experiments were performed three times and representative polysome profiles for each strain and time point are shown.
SDS-PAGE and immunoblotting. Following exposure to osmotic or oxidative stress, cells were lysed with acid-washed glass beads (425 to 600 m, Sigma) and vortexing, clarified by centrifugation, and 20 g of each protein sample was separated by electrophoresis on SDS-PAGE (12.5%). Proteins were transferred electrophoretically to nitrocellulose membrane and were subsequently immunoblotted with affinity-purified antibody that specifically recognizes eIF2␣ phosphorylated at serine-51 (Biosource) or antiserum that recognizes total eIF2␣. Detection was performed using peroxidase-conjugated anti-rabbit immunoglobulin G and visualized by chemiluminescence.
RESULTS
The Spc1 mitogen-activated protein kinase supports protein synthesis under conditions of environmental stress. To address whether protein synthesis in fission yeast is modulated in response to stress, wild-type and spc1-m13 cells, in which the Spc1 mitogen-activated protein kinase is disrupted, were exposed to a pulse of [ 35 S]methionine-cysteine under conditions of osmotic or oxidative stress. Levels of de novo protein synthesis were determined by SDS-PAGE analysis of radiolabeled proteins. Following 20 min exposure of wild-type cells to osmotic stress (0.6 M KCl), translation was reduced to 58% of unstressed levels. Protein synthesis then increased to 86% after 40 min and returned to unstressed wild-type levels after 60 min of KCl exposure (Fig. 1A and 1B) . These data indicate that protein synthesis was rapidly but transiently reduced in wildtype cells following exposure to osmotic stress. They also demonstrate that wild-type cells have the ability to restore normal global protein synthesis after being subjected to osmotic stress.
Interestingly, translation of spc1-m13 cells was further reduced to 25% of unstressed levels after 20 min of osmotic stress. Translation recovered only partially in spc1-m13 cells to 39% of unstressed levels after 40 min and 60 min of the KCl treatment ( Fig. 1A and 1B) . No loss of viability was observed in wild-type or spc1-m13 cells under these conditions (our unpublished data). These findings show that the level of general protein synthesis was rapidly and significantly reduced in spc1-m13 mutants compared to wild-type cells following exposure to osmotic stress. These results indicate a role for the Spc1 kinase in maintaining protein synthesis immediately following exposure to osmotic stress and a further role in facilitating translational adaptation to these conditions at later time points.
The effects of oxidative stress on protein synthesis were also examined. Following exposure of wild-type cells to oxidative stress (1 mM H 2 O 2 ), the level of radiolabel incorporation was reduced to 54% of unstressed levels after 20 min, and was decreased further to 21% after 40 and 60 min ( Fig. 1C and  1D ). No loss of viability was observed following exposure to 1 mM H 2 O 2 for 60 min (Fig. 1E ). These data indicate that the rate of protein synthesis was rapidly reduced in wild-type cells under oxidative stress conditions. Following exposure of spc1-m13 cells to 1 mM H 2 O 2 , translation levels were significantly reduced compared to wild-type cells. In spc1-m13 cells, there (Fig. 1E) . As protein synthesis in spc1-m13 cells was reduced disproportionately compared to loss of viability at the earlier time points (compare Fig. 1D and 1E) , these data indicate a role for the Spc1 mitogen-activated protein kinase in maintaining general levels of protein synthesis under conditions of oxidative stress. The SAP kinase cascade is involved in the translational stress response. Wis1, a mitogen-activated protein kinase kinase, is required for the activation of the Spc1 mitogen-activated protein kinase under osmotic, oxidative and thermal stresses (3, 29) . We therefore measured translation in wis1 Ϫ cells following osmotic and oxidative stress. Under nonstressed conditions, there were no significant differences in protein synthesis between wild-type, spc1-m13 and wis1
Ϫ cells ( Fig. 2A,  lanes 1, 4, and 7) . Following a 20 min exposure of wis1 Ϫ cells to either osmotic stress ( Fig. 2A, lane 5 ) or oxidative stress ( Fig. 2A, lane 6) , a significant reduction in de novo protein synthesis was observed compared to wild-type cells (Fig. 2A,  lanes 2 and 3; Fig. 2B ). No loss of viability in wis1 Ϫ cells was observed at 20 min after exposure to KCl (our unpublished data) or to H 2 O 2 ( Fig. 2C) , indicating that the reduced translation level is not the result of loss of viability. However, with longer periods of oxidative stress, wis1 Ϫ cells displayed lower viability that was not detected in wild-type cells (Fig. 2C) . Levels of radiolabel incorporation into proteins and viability of wis1 Ϫ cells correlated closely with those observed in spc1-m13 cells ( Fig. 2A, lanes 8 and 9) . These data strongly suggest that the Wis1-Spc1 kinase cascade is important for maintaining general levels of protein synthesis under conditions of stress.
The SAPK pathway supports general translation initiation during exposure to osmotic or oxidative stress. To address which step in protein synthesis is impeded in response to stress in fission yeast, polysome profiles were examined using lysates prepared from wild-type and spc1-m13 cells grown under conditions of stress. Following exposure of wild-type cells to 0.6 M KCl, there was a minor reduction in the ratio of polysomes to monosomes after 10 min of exposure, and polysome profiles appeared to also resemble those of unstressed cells at later time points (Fig. 3A, left panels and graph) . These data indicate that translation initiation was mildly reduced in wild-type cells under these conditions. In contrast to wild-type cells, a significant reduction in the polysome-to-monosome ratio was observed in spc1-m13 cells after just 10 min incubation in 0.6 M KCl (Fig. 3A, right panels and graph) . Decreased polysomes continued to be observed following 20 and 40 min of osmotic stress compared to those of wild-type cells. These findings indicate that translation initiation was rapidly reduced in spc1-m13 cells compared to wild-type cells following osmotic stress, and identify a role for the Spc1 mitogen-activated protein kinase in maintaining efficient translation initiation under conditions of osmotic stress.
Following exposure of wild-type cells to oxidative stress, a (Fig. 3B , left panel, 20 min and graph). Large monosome peaks were maintained throughout the 90 min time course (Fig. 3B , left panels and graph). These results indicated a significant reduction in translation initiation in wild-type cells following oxidative stress, and correlated well with the reduced protein synthesis levels observed under these conditions ( Fig. 1C and  1D ). Thus, in contrast to osmotic stress, there is a striking down-regulation of translation initiation in response to oxidative stress in wild-type cells. Following exposure of spc1-m13 cells to oxidative stress, a sharp increase in the monosomes, and reduction in polysomes was observed after just 10 min (Fig. 3B , right panel, 10 min, and graph), and this lowered translation initiation continued following up to 90 min of stress. This decrease in polysomes was greater in magnitude and occurred more rapidly in the spc1-m13 cells compared to the wild-type strain. These results correlated well with reduced protein synthesis levels observed in spc1-m13 under these conditions ( Fig. 1C and 1D) , showing a central role for the Spc1 mitogen-activated protein kinase in maintaining general translation initiation under oxidative stress. SAPK pathway modulates eIF2␣ phosphorylation levels in response to oxidative stress. Phosphorylation of eIF2␣ in S. pombe has recently been observed in response to environmental stresses (48, 49) . We therefore examined eIF2␣ phosphorylation levels in response to osmotic and oxidative stress in both wild-type cells and mutants in which the SAPK pathway was disrupted. No significant induction of eIF2␣ phosphorylation occurred in wild-type or spc1-m13 cells following exposure to osmotic stress (our unpublished results). In contrast, exposure of wild-type cells to 1 mM H 2 O 2 resulted in enhanced eIF2␣ phosphorylation levels within 15 min, which was sustained for at least 90 min (Fig. 4A, left panel) . These results are consistent with significantly reduced translation initiation observed under these conditions.
Under unstressed conditions, eIF2␣ phosphorylation levels in spc1-m13, wis1
Ϫ , atf1 Ϫ , and pap1 Ϫ cells were similar to those of unstressed wild-type cells (Fig. 4A and B) . These findings are consistent with the findings that basal translation is unaffected following disruption of the SAPK pathway under unstressed conditions ( Fig. 1 and 3) . However, following exposure to oxidative stress, analysis of spc1-m13 cells revealed a striking further increase in the eIF2␣ phosphorylation levels in comparison to those of wild-type cells at all time points examined (Fig. 4A, right panel) . These results correlated with the further reduction in translation initiation observed in spc1-m13 cells under these conditions. Increased eIF2␣ phosphorylation levels were also observed in wis1 Ϫ cells (Fig. 4B, right panel) . These results identify a link between kinases Wis1 and Spc1 and eIF2␣ phosphorylation in response to oxidative stress.
The bZIP transcription factors Atf1 and Pap1 are regulated by the mitogen-activated protein kinase pathways in response to environmental stress. We wished to address whether loss of Atf1 and Pap1 also perturbed translational control in response to oxidative stress. Individual atf1 Ϫ or pap1 Ϫ mutations led to a reduction in eIF2␣ phosphorylation during oxidative stress compared to wild-type cells. Interestingly, when both Atf1 and Pap1 were disrupted, there was a return to high levels of eIF2␣ phosphorylation in response to oxidative stress (Fig. 4B, right  panel) . These results identify a role for the downstream target bZip transcription factors Atf1 and Pap1 in modulating eIF2␣ phosphorylation levels under oxidative stress conditions. The eIF2 kinases Hri2 and Gcn2 have recently been shown to phosphorylate eIF2␣ under conditions of oxidative stress in fission yeast (48) . Further experiments were therefore performed to determine whether these kinases were also required for the increased eIF2␣ phosphorylation observed following disruption of the SAPK pathway under oxidative stress conditions. Analysis of strains in which there were disruptions in Spc1 and different combinations of each of the S. pombe eIF2␣ kinases Hri1, Hri2, and Gcn2 revealed that high levels of eIF2␣ phosphorylation were still observed in sty1-1 (functionally equivalent to spc1-m13), sty1-1 hri1⌬, sty1-1 hri2⌬, sty1-1 gcn2⌬, and sty1-1 hri1⌬ hri2⌬ compared to that of wild-type cells following exposure to oxidative stress (Fig. 5A ). In contrast, eIF2␣ phosphorylation was abrogated in hri2⌬ gcn2⌬ and sty1-1 hri2⌬ gcn2⌬ cells in either the absence or presence of oxidative stress. These results indicate that Hri2 and Gcn2 are both required for eIF2␣ phosphorylation in both wild-type and Spc1-disrupted cells under conditions of oxidative stress.
We further wished to test whether increased eIF2␣ phosphorylation contributed to loss of viability observed in Spc1-disrupted cells when grown under oxidative stress conditions. sty1-1 cells exhibited a significant loss of viability when spotted onto plates containing 2 mM H 2 O 2 compared to both wild-type and hri2⌬ gcn2⌬ cells (Fig. 5B) . However, sty1-1 hri2⌬ gcn2⌬ cells, in which eIF2␣ phosphorylation is not observed (Fig. 5A) , exhibited no difference in viability compared to sty1-1 alone under these conditions (Fig. 5B) . Furthermore, no difference in sty1-1 viability was observed when combined with disruption of other eIF2␣ kinase combinations tested under these conditions (Fig. 5B, our unpublished results) .
DISCUSSION
The results presented here provide important insights into the translational responses of fission yeast to osmotic and oxidative stresses. Following exposure of wild-type fission yeast to osmotic stress, protein synthesis was reduced rapidly, but translation initiation appeared only mildly reduced and no significant changes in eIF2␣ phosphorylation were observed ( Fig. 1, 3 , and 4). These findings raise the possibility that another translation step, possibly translation elongation, may be transiently lowered following osmotic stress in fission yeast. Following exposure to oxidative stress, translation initiation was rapidly reduced, and correlated with elevated levels of eIF2␣ phosphorylation ( Fig. 1 and 4) . These results strongly suggest that translation initiation is repressed following exposure to oxidative stress through eIF2␣ phosphorylation in fission yeast. This conclusion is strongly supported by the findings presented here, and those of Zhan et al. (49) , that the eIF2␣ kinases Hri2 and Gcn2 are required to phosphorylate eIF2␣ in response to H 2 O 2 in fission yeast (48) . In mammalian cells, heme-regulated inhibitor (HRI) has also been found to phosphorylate eIF2␣ in response to oxidative stress (21) , indicating that this stress response is evolutionarily conserved. Reduced translation would allow cells additional time to repair cell damage induced by oxidative stress prior to synthesizing new proteins. Furthermore, lowered protein synthesis would be expected to result in down-regulation of some regulatory proteins with short half-lives as a result of a rapid turnover. Indeed, such regulation has been observed in mammalian cells for IB␣, the inhibitor of NF-B regulation (4, 17) , and for CReP, a constitutive repressor of eIF2␣ phosphorylation (18) . eIF2␣ phosphorylation can promote changes in gene expression through preferential translation of stress response genes (5) .
One example of such a response comes from yeast studies in which GCN4 was found to be translationally induced by stress signals such as amino acid or glucose deprivation, or exposure to methylmethane sulfonate, allowing the transcriptional activation of stress response mRNAs (5, 14, 15, 24, 47) . In mammalian cells, the transcription factor ATF4, the cationic amino acid transporter CAT-1, and the transcription factors derived from CCAAT/enhancer binding protein C/EBP␤ have also been shown to be selectively translated under stress conditions (1, 5, 12, 40, 46) . These responses collectively promote survival and adaptative responses to environmental stresses. Consistent with this, eIF2␣ phosphorylation has been demonstrated to promote resistance to oxidative stress (13, 33) .
Our studies identified an important role for the SAPK pathway in supporting translation initiation immediately following exposure to either osmotic or oxidative stresses (Fig. 3A and   FIG. 5 . Effects of eIF2 kinase deletion on eIF2␣ phosphorylation and viability in wild-type and sty1-1 cells during oxidative stress. (A) eIF2␣ phosphorylation in wild-type (wt) eIF2 kinase deleted and sty1-1 cells during oxidative stress. Wild-type (TH9), sty1-1 (TH 1740), hri1⌬ hri2⌬ (TH2019), hri2⌬ gcn2⌬ (TH2021), sty1-1 hri1⌬ (TH2025), sty1-1 hri1⌬ hri2⌬ (TH2026), sty1-1 hri2⌬ (TH2028), sty1-1 gcn2⌬ (TH2029), and sty1-1 hri2⌬ gcn2⌬ (TH2031) were incubated at 30°C in the absence or presence of 1 mM H 2 O 2 . Total protein extracts were analyzed by immunoblotting using an antibody that specifically recognizes phosphorylated eIF2␣ (eIF2␣-P) or antiserum that recognizes total eIF2 (eIF2␣). (B) Sensitivity of eIF2 kinases and Spc1/Sty1 mutants to oxidative stress. Tenfold serial dilutions of wild-type (TH9), sty1-1 (TH1740), sty1-1 hri2⌬ gcn2⌬ (TH2031), hri2⌬ gcn2⌬ (TH2021), hri1⌬ hri2⌬ (TH2019), and sty1-1 hri1⌬ hri2⌬ (TH2026) were plated on YE5S medium (control) and YE5S medium containing 2 mM H 2 O 2 (as indicated) and incubated for 5 days at 30°C.
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on September 6, 2017 by guest http://ec.asm.org/ 3B; 10 min). In response to oxidative stress, the SAPK pathway was found to maintain eIF2 activity (i.e., reduce eIF2␣ phosphorylation) through the concerted activities of both Atf1 and Pap1 bZip transcription factors (Fig. 4) . Intriguingly, deletion of either Atf1 or Pap1 individually resulted in reduced eIF2␣ phosphorylation levels compared to the wild type, suggesting that downstream components of the SAPK pathway can contribute both positively and negatively to the modulation of the eIF2␣ kinase stress pathway. Further analysis indicated that the increase in eIF2␣ phosphorylation levels observed following disruption of Spc1 was found to be dependent on both Hri2 and Gcn2 kinases under oxidative stress conditions. These results indicate that there is regulatory coordination between the SAPK and eIF2 kinase stress pathways. Our findings suggest a model in which the SAPK pathway functions to negatively regulate the Hri2 and Gcn2 kinases under conditions of oxidative stress in fission yeast. This regulation could be either through direct interaction between downstream components of the SAPK pathway and both Hri2 and Gcn2, or indirect through reducing levels of reactive oxygen species that may activate Hri2 and Gcn2. Alternatively, it is possible that increased eIF2␣ phosphorylation levels result from reduced eIF2␣ phosphatase activity following disruption of the SAPK pathway in fission yeast. Loss of such phosphatase activity would not be detectable in an hri2⌬ gcn2⌬ background, where eIF2␣ phosphorylation is abrogated under oxidative stress conditions. There is precedent for such a model, where mammalian cell GADD34 encodes a stressinducible regulatory subunit of a holophosphatase complex that dephosphorylates eIF2␣, and its inactivation prevents eIF2␣ dephosphorylation and recovery of protein synthesis, normally observed late in the stress response (26) . However, analysis of the global transcriptional responses to environmental stress, including both oxidative and osmotic stresses, did not identify any known translation factors, including potential GADD34 orthologs or ribosomal genes, whose expression was up-regulated in response to stress in fission yeast (2) . Studies in mammalian cells have previously identified a role for the Spc1 homolog p38 mitogen-activated protein kinase in facilitating translation initiation through enhancing cap-dependent translation initiation (8, 31, 38, 41, 42) . Thus, the findings presented here suggest a distinct mechanism by which the SAPK pathway may support translation initiation in eukaryotes.
Recent studies in the evolutionarily divergent budding yeast Saccharomyces cerevisiae suggested a role for the homologous Hog mitogen-activated protein kinase pathway in the adaptation of translation initiation after inhibition by osmotic stress (39) . Our studies also identified a role for the SAPK pathway in facilitating translational adaptation following exposure to either osmotic or oxidative stress conditions in fission yeast. Although protein synthesis had largely recovered within an hour in wild-type cells following exposure to 0.6 M KCl, protein synthesis in spc1-m13 and atf1 Ϫ cells had not ( Fig. 1 ; our unpublished data). Moreover, in contrast to wild-type cells, spc1-m13 cells underwent a rapid collapse in translation initiation following exposure to oxidative stress after which loss of viability was observed ( Fig. 1 and 3 ). Our data indicated that loss of viability could occur in the absence of eIF2␣ phosphorylation following disruption of the SAPK pathway in an hri2⌬ gcn2⌬ background (Fig. 5A and 5B). These findings are consistent with an essential role for the SAPK pathway in transcriptional regulation under oxidative stress conditions (25, 28, 36) but may mask an important role for the SAPK pathway in translational adaptation under these conditions. Further analysis of the relationship between the highly conserved SAPK pathway and the translation machinery in fission yeast is therefore likely to provide important insights into the underlying mechanisms of homeostasis in eukaryotic cells.
